Free electrons and H 2 O 2 formed in an optical breakdown plasma are found to directly control the kinetics of [AuCl 4 ]reduction to form Au nanoparticles (AuNPs) during femtosecond laser-assisted synthesis of AuNPs. The formation rates of both free electrons and H 2 O 2 strongly depend on the energy and duration of the 800 nm laser pulses over the ranges of 10 − 2400 µJ and 30 − 1500 fs. By monitoring the conversion of [AuCl 4 ]to AuNPs using in situ UV-vis spectroscopy during laser irradiation, the first-and second-order rate constants in the autocatalytic rate law, k 1 and k 2 , were extracted and compared to the computed free electron densities and experimentally measured H 2 O 2 formation rates. For laser pulse energies of 600 µJ and lower at all pulse durations, the first-order rate constant, k 1 , was found to be directly proportional to the theoretically calculated plasma volume, in which the electron density exceeds the threshold value of 1.8 × 10 20 cm −3 . The second-order rate constant, k 2 , was found to correlate with the measured H 2 O 2 formation rate at all pulse energies and durations, resulting in the empirical relationship k 2 ∼ H 2 O 0.5 2 . We have demonstrated that the relative composition of free electrons and H 2 O 2 in the optical breakdown plasma may be controlled by changing the pulse energy and duration, which may make it possible to tune the size and dispersity of AuNPs and other metal nanoparticle products synthesized with femtosecond laser-based methods.
Introduction
The interactions of intense, ultrashort laser pulses with condensed media give rise to nonlinear optical phenomena, enabling applications including: white light lasers, 1 remote optical sensing, 2,3 nanostructure writing onto solid surfaces, 4, 5 and cellular nanosurgery. [6] [7] [8] The initial process of laser-energy deposition involves the generation of a localized, weakly ionized plasma, [8] [9] [10] [11] [12] which leads to supercontinuum emission (SCE), optical breakdown (OB) of the medium, or both. 13, 14 SCE results in a significant broadening of the initial input spectrum, and propagation of the white light as filaments in the medium, 14, 15 while OB produces a dense, opaque microplasma when a sufficiently high free-electron density is achieved. 8, 12 Intense femtosecond-laser deposition in aqueous media resulting in OB, SCE, or both, has recently been employed to drive the photochemical reduction of metal salt precursors to form metal nanoparticles. [16] [17] [18] [19] [20] [21] [22] [23] [24] [25] [26] [27] This "green" approach to metal nanoparticle synthesis requires no added chemical reducing agents and can yield some degree of control over the size and shape of gold nanoparticles (AuNPs) without added surfactants or capping agents. [24] [25] [26] In these experiments, the primary role of water-photolysis through OB and SCE is to produce reactive species such as solvated electrons and H · , which drive metal-salt reduction. [16] [17] [18] 21, 22, 25, 27 In particular, it has been proposed that the laser intensity, or irradiance, must be sufficiently high to produce SCE in order to achieve the requisite solvated-electron densities for photochemical reduction. 21 Additionally, OB and SCE in water generate both short-and long-lived reactive oxygen species such as OH · and H 2 O 2 , respectively. 28 The formation of H 2 O 2 has been shown to promote reduction of [AuCl 4 ]to form AuNPs, even after laser irradiation is terminated, 22, [24] [25] [26] while excessive H 2 O 2 formation in OB plasmas was found to result in oxidation of silver nanoparticles to form Ag + . 29 To quantify the roles of solvated electrons and H 2 O 2 in driving the photochemical reduction of [AuCl 4 ]to form AuNPs, this work investigates the effects of the femtosecond-laser pulse energy and pulse duration on the reduction kinetics of [AuCl 4 ] -. Of particular importance is to minimize the generation of white light filaments in the aqueous medium resulting from SCE, 13 which results in intensity-clamping that limits the concentration of reactive species in the focal region. 15, 23 Filamentation in aqueous media can be limited by using a tight-focusing geometry with large numerical aperture, 13 simultaneous spatial-and temporal-focusing (SSTF), 30 or spatial beam shaping. 5, 31 Both tight-focusing 17, 20 and SSTF with pulse-stretching to 36 ps [22] [23] [24] [25] [26] have been used for this purpose in previous studies of femtosecond laser-induced reduction of [AuCl 4 ] -. To allow for continuous variation of the pulse duration from 30−1500 fs, this work uses a tight-focusing geometry to prevent filamentation.
The reduction kinetics of [AuCl 4 ]to AuNPs follow an autocatalytic rate law upon both chemical reduction [32] [33] [34] and femtosecond-laser processing. 25, 27 We will show that the firstorder nucleation rate constant associated with this rate law is directly proportional to the volume of the OB microplasma predicted by calculations of the free-electron density, while the second-order autocatalytic growth rate constant is correlated to the rate of H 2 O 2 production during irradiation of water. By varying both the pulse energy and duration over at least two orders of magnitude, we show that extensive control over the relative production of free electrons and H 2 O 2 in OB microplasmas is possible, which may enable the future tailoring of the chemical composition of OB microplasmas for further applications in addition to metal nanoparticle synthesis.
Experimental Methods

Materials
Potassium tetrachloroaurate(III) (Strem Chemicals) was used as obtained, as were potassium hydroxide and HPLC-grade water (Fisher Scientific). A working solution containing 0.1 mM KAuCl 4 and 0.35 mM KOH was prepared for experimental runs from stock solutions of KAuCl 4 (25 mM) and KOH (500 mM), respectively. The working solution was prepared 18-24 hours before carrying out experimental runs and was stored at 6 • C. For each experiment, 3 mL of the working solution was transferred to a cuvette and allowed to equilibrate to room temperature. The working solution pH was measured to confirm that it was in the range of 5.3 ± 0.2.
Instrumentation
Laser irradiation was performed using a titanium-sapphire-based chirped-pulse amplifier (Astrella, Coherent, Inc.) delivering 7 mJ, 30 fs pulses with bandwidth centered at 800 nm at a 1 kHz repetition rate. The pulse energy was varied from 10 − 2400 µJ with a zero-order λ/2 waveplate (ThorLabs, Inc.) and broadband thin-film polarizer (Altechna), as well as a dispersion compensated 90:10 (R:T) beamsplitter (Newport, Inc.) to reach pulse energies below 300 µJ. The linear chirp of the laser pulse was controlled by detuning the compressor grating from its zero-dispersion position to produce 200 fs (positive and negative chirp), 750 fs (negative chirp), and 1500 fs (negative chirp). All pulse durations were measured by Frequency Resolved Optical Gating 35 ( Figure S1 in the Supporting Information).
The 11 mm (1/e 2 ) diameter beam out of the laser was expanded to a diameter D = 29 mm (1/e 2 ) prior to focusing with a f = 50 mm aspheric lens (Figure 1(a) ). The resulting focusing geometry is f /1.7, which is similar to the tightest focusing condition with a microscope objective reported in ref 13 and is significantly tighter than other recently reported focusing geometries for Gaussian beams. 36, 37 The beam waist and Rayleigh range in air were measured with a CCD camera (ThorLabs, Inc.) to be w 0 = 6.52 µm and z r = 77.7 µm, respectively (Supporting Information, Figure S2 ). The focusing conditions correspond to a geometric numerical aperture NA = n sin arctan(D/2f ) = 0.37 in water and a Gaussian beam numerical aperture NA = w 0 /z r = 0.084. Based on the pulse energies and durations we used, the calculated peak irradiance at the focus (neglecting losses and plasma-induced defocusing in front of the focus 13, 14, 38 ) ranges from 2.5 × 10 13 to 6.0 × 10 16 W/cm 2 , as shown for each pulse duration in Table 1 . To assess the presence of OB and SCE in water using this focusing geometry, the experimental setup shown in Figure 1 (a) was employed. Emission spectra from the laser in water were collected at labeled positions (i) and (ii) with a compact fiber-coupled spectrometer (Ocean Optics, HR4000). Because OB forms an opaque plasma that results in scattering of the incident laser radiation, the detection of any scattered light perpendicular to the direction of beam propagation (position (i) in Figure 1 (a)) indicates the presence of OB. 13 Significant spectral emission at position (i) was recorded even at the lowest pulse energies for each pulse duration (Figure 1(b) ), which confirms operation above the critical electron density for OB, 13, 14 which has recently been associated with the formation of cavitation bubbles at an electron density exceeding 1.8 × 10 20 cm −3 . 7 These cavitation bubbles are visible in the photographs taken with 2400 µJ pulses of durations between 30 and 1500 fs ( Figure   1 (c)). The spectra of the laser beam following interaction with the water (position (ii) in Figure 1 (a)) show that significant SCE is produced for 30 fs and 200 fs pulses, while no SCE is formed for 750 fs and 1500 fs pulses, even at the highest pulse energy (spectral plots in Figure 1 (c)). The SCE obtained with 30 fs pulses exhibits emission at wavelengths lower than 400 nm, which is similar to SCE spectra in water observed previously. 15, 37 Finally, we note that the tight-focusing geometry results in no SCE on the quartz cuvette surface at any pulse duration (photographs in Figure 1 (c)). The bright spot near the left side of the cuvette in the photograph of the 30 fs pulse does not result from white light in the quartz, it is an additional bright spot in the solvent itself, likely resulting from self-focusing of the beam in the quartz (Supporting Information, Figure S3 ). optical fibers, two pairs of off-axis parabolic mirrors, and a compact spectrometer (Ocean Optics, HR4000) similar to the instrument in ref. 25 
Quantification of H 2 O 2
Titanium dioxide (Sigma Aldrich); potassium permanganate (Alfa Aesar); sulfuric acid, hydrogen peroxide, and sodium oxalate (Fisher Scientific), were used as received. Hydrogen peroxide produced from laser irradiation of water was quantified using two different methods for comparison. The second method used to quantify the production of H 2 O 2 as a function of laser irradiation was by titration with KMnO 4 . 40 The same condition sets as used in the titanium(IV) sulfate quantification method were were also used in triplicate on distilled water (3 mL).
Immediately after termination of laser irradiation, H 2 SO 4 (0.1 mL, 2 M) was added to the solution, and KMnO 4 was stirred in dropwise until the solution maintained a light-pink color, signifying the endpoint. The KMnO 4 was prepared by dissolving KMnO 4 into deionized water, and was standardized by titrating with sodium oxalate, according to the procedure in ref. 41 Hydrogen peroxide production as a function of laser energy and pulse duration is discussed in Section 4.2, where the H 2 O 2 quantities are reported using the titanium(IV) sulfate method.
A correlation plot of H 2 O 2 production with data from both the titanium(IV) sulfate and KMnO 4 method is provided in the Supporting Information, Figure S5 . The slope of a linear fit of the correlation data confirms the two methods agree, with a value of 0.96.
Characterization
Transmission Electron Microscopy (TEM). AuNPs were visualized using TEM (JEOL JEM-1230 TEM). The colloidal AuNPs were drop-casted onto a carbon-coated grid (Ted Pella, Inc.) and left to dry for 24 hours or longer. Average sizes and size distributions of the samples were measured using ImageJ software, which referenced a minimum of 500 particles from images of three separate areas of the TEM grid.
UV-vis spectroscopy. Ultraviolet-visible spectra were acquired with a Deuterium-Tungsten light source (Ocean Optics, DH2000-BAL), optical fibers, two pairs of off-axis parabolic mirrors, and a compact spectrometer (Ocean Optics, HR4000) similar to the instrument in ref. 25 Quartz cuvettes (1cm path cell, 3.5 mL capacity) were used, as the spectra encompassed a range from 220 to 1100 nm.
Theory
The interactions of ultrashort laser pulses and a dielectric medium with a band-gap exceeding the photon energy can produce quasi-free electrons in the conduction band through nonlinear multiphoton and tunneling photoionization; 42 and through collisions between high-kineticenergy free electrons and neutral molecules resulting in avalanche, or cascade, ionization. 9
These processes result in the optical breakdown of the medium, forming an opaque plasma and cavitation bubbles, when the free-electron density ρ e exceeds a critical value of ρ e ∼ 10 18 − 10 21 cm −3 . 7-12
We consider a laser pulse propagating in the z direction with time-dependent Gaussian intensity envelope 43, 44 
where E p is the pulse energy, τ p is the pulse duration, and c is the speed of light. The beam waist w(z) at position z is based on the propagation of a Gaussian beam
where w 0 is the beam waist at the focus and z R is the Rayleigh range. These quantities were measured to be w 0 = 6.52 × 10 −4 cm and z R = 7.77 × 10 −3 cm, respectively, under our focusing conditions (c.f., Section 2.2 and Supporting Information, Figure S2 ). The aqueous medium is modeled as a dielectric with a band-gap ∆ = 6.5 eV. 8, [10] [11] [12] 44, 45 The effective ionization potential∆ must account for the oscillation energy of the electron caused by the intense laser electric field, 42∆
where e is the electron charge, E is the electric field strength, ω is the center laser frequency, and m is the reduced mass of the exciton 1/m = 1/m e + 1/m h 0.5m e based on the electron and hole masses m e and m h , respectively.
The time evolution of the free-electron density ρ e produced by the laser-water interaction is governed by the differential equation 11, 12 ∂ρ
The production of free electrons is governed by the photoionization rate W photo and cascade ionization rate W casc , while electrons are lost from the focal volume through the diffusion rate W diff , and recombination rate W rec . The formulas for each rate are discussed below.
Photoionization may proceed via multiphoton absorption, electron tunneling, or both, depending on the peak irradiance and wavelength of the laser pulse. The transition from multiphoton to tunnel ionization is determined by the Keldysh adiabaticity parameter γ
given by the ratio of the laser frequency ω to the electron tunneling frequency ω t
where multiphoton ionization dominates when γ >> 1 and tunnel ionization dominates when γ << 1. The associated multiphoton ionization rate is given by 42
where n is the multiphoton order n = [∆ ω + 1] and [·] denotes the integer part,∆ is given by eq 4 and γ by eq 6. The function Φ is the Dawson integral, which is calculated numerically using an open source MATLAB code. 46 At sufficiently high intensities where γ << 1, the tunnel ionization rate applies 42
In the intermediate range of 1 ≤ γ ≤ 1.3, a weighted average of the ionization rates in eqs 7 and 8 are used, 45 which ensures a correct photoionization rate at all values of γ (Supporting Information, Figure S6 ).
The cascade ionization rate depends on the density of free electrons that have sufficiently high kinetic energy to undergo inverse Bremsstrahlung absorption of photons, leading to further generation of free electrons through collisions. On the basis of previous work, the time between electron-water collisions has been estimated at τ c ∼ 1.6 − 1.7 fs; 8, 47 we use the value τ c = 1.7 fs. The critical kinetic energy of the electrons for inverse Bremsstrahlung to occur is taken as 3/2∆. 8 With these assumptions, the cascade-ionization rate becomes 8,44
where τ ret = nτ c with n being the multiphoton order, n 0 = 1.33 is the refractive index of water, ε 0 is the vacuum permittivity, and M is the mass of the water molecule.
Free electrons formed by photoionization and cascade ionization may be lost from the focal volume via diffusion and recombination. Assuming an ellipsoidal focal volume defined by the beam waist w 0 and Rayleigh range z r , the diffusion rate W diff is given by 8, 11 W diff = 5τ c∆ 6m
The recombination rate W rec is taken as the widely-used empirical value 48
While eq 11 oversimplifies the decay of free electrons by neglecting electron hydration and subsequent decay, 49, 50 any recombination losses are slow compared to the pulse durations used in this work and thus play only a small role.
Equation 5 coupled to eqs 7-11 was solved using the Runge-Kutta integrator ode45 incorporated into MATLAB. Solving eq 5 for the experimentally used pulse durations of 30, 200, 750 and 1500 fs (all durations fwhm), the critical irradiance to cause optical breakdown at each pulse duration was determined using the threshold of ρ e = 1.8 × 10 20 cm −3 based on the cavitation bubble threshold recorded in a recent study. 7 Figure 2 shows the timeevolution of the free-electron density ρ e at 30 fs (blue), 200 fs (green), 750 fs (red), and 1500 fs (magenta); the associated peak-irradiances in W cm −2 are indicated in the legend.
The value of zero on the time-axis corresponds to the center of the pulse. The decreasing irradiance needed to reach the optical breakdown threshold as the pulse duration lengthens from 30 to 1500 fs is due to the increasing participation of cascade ionization (eq 9) in the production of free electrons at longer pulse durations, as noted in earlier work. 8 Because the peak-irradiance range of 2.5×10 13 to 6.0×10 16 W cm −2 significantly exceeds the threshold-irradiance for optical breakdown at all pulse durations, we wish to estimate the plasma volume in which the electron density exceeds the OB threshold under our experimental conditions. Of particular interest is the growth of the plasma volume with peak-irradiance due to the widely recognized role of electrons generated from OB and SCE in the photochemical reduction of [AuCl 4 ]and other metal salts. [16] [17] [18] 21, 22, 25, 27 To estimate the plasma volume, we first calculate the critical propagation distance z crit in front of the focus where OB begins, based on Gaussian beam propagation via eq 3. While the approximation of Gaussian beam propagation at high irradiance near the geometric focus neglects nonlinear beam propagation phenomena and thus will result in a crude approximation of z crit and the true plasma volume, 8, 13, 14, 38 our goal is to estimate the growth of the plasma volume with pulse energy over a wide range of pulse durations and not to model the propagation of any particular pulse in the medium nor calculate the exact plasma volume. Thus, we must assume that the error in the value of z crit does not change dramatically over the experimental pulse energy range. This assumption is reasonable because the peak-irradiance range exceeds the optical breakdown threshold by a factor of 10 at even the lowest pulse energy used for each pulse duration in the experiments ( Figure 2 and Table 1 ).
propagation distance z (cm) beam waist w(z) (µm) To identify z crit , eq 5 was propagated for each pulse energy and duration used in our experiments at a series of propagation distances z < 0 cm (i.e., just before the focal spot at z = 0 cm) in order to determine the highest electron density achieved as a function of propagation distance z. The results for time-dependent electron density produced by 750 fs, 25 µJ pulses at a series of z values is shown in Figure 3(a) . The maximum electron density as a function of z is shown in Figure 3 (b) (blue line, right ordinate axis), superimposed on the spatial profile of the Gaussian beam (red volume, left ordinate axis). In both panels, the electron density threshold of ρ e = 1.8 × 10 20 cm −3 is indicated by a gray-dashed line.
The peak electron density achieved as a function of z was calculated using these methods for each pulse energy and duration used in the experiments (Supporting Information, Figure S7 ) and the associated values of z crit determined at each pulse duration and energy. At all pulse durations, the absolute value of z crit was found to grow with irradiance I as approximately I 1/2 , as shown in Figure 3 (c).
While rigorous calculations of the spatial distribution of electron density obtained from propagating femtosecond pulses in water reveal a variety of plasma volume shapes depending on the focusing-geometry and pulse duration, 13, 38 the plasma volume can be approximated by simple geometric shapes such as an ellipsoid with dimensions based on the numerical aperture. 8, 51 Here, we estimate the plasma volume using the obtained values of z crit ; approximating the plasma volume with any three-dimensional shape such as an ellipsoid, cylinder, or cone will result in the plasma volume growing as z 3 crit . Thus, while the particular choice of shape will determine the calculated value of the plasma volume at any given pulse duration and irradiance, the choice of shape will not affect the growth of the plasma volume with peak irradiance I, which will grow as V ∝ I 3/2 based on the relation z crit ∝ I 1/2 . For simplicity, we approximate the volume by a cone with height |z crit | and radius w(z crit ) based on the measured beam diameters fit with eq 3. The resulting plasma volumes and fit values are shown in Figure 3(d) , confirming that the volume grows as I 3/2 . We will connect these results on the growth of the plasma volume with peak irradiance at each pulse duration with the observed [AuCl 4 ]reduction kinetics in Section 4. have supported the applicability of the Finke-Watzky autocatalytic nucleation-growth rate 13) where [A(0)] is the initial precursor concentration. As we will discuss in detail below in Section 4, the nucleation rate constant k 1 depends on the volume of the OB plasma, i.e., the number of electrons available to reduce Au 3+ , while the autocatalytic growth rate constant k 2 depends on the concentration of H 2 O 2 , which is needed to drive the surface mediated [AuCl 4 ]reduction on AuNPs. [59] [60] [61] To assess the dependence of the rate constants k 1 and k 2 on the pulse energy and du- Figure S9 . The extracted rate constants fit to eq 13 at each pulse energy and duration are in Tables 2 (k 1 ) and 3 (k 2 ). Reported errors denote the standard deviation of the rate constants across more than five different experiments, which were conducted on at least three separate days. We note that the kinetics results for 200 fs pulses with positive and negative chirp (light and dark green curves in Figures 4(f) and 5) are the same, indicating that the direction of chirp has no effect on the kinetics. Thus, the remainder of this work will consider only the results for negatively chirped pulses. The significance of the relations between the k 1 and k 2 values and the peak irradiance will be discussed below in Section 4. 
Results
Photochemical reduction of [AuCl
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Characterization of AuNP products
The particles were characterized for their size and size distribution by comparing the SPR peak of the finished AuNPs to corresponding TEM images. Figure 6 shows the final UV-vis spectra of AuNPs produced with 30 fs; 200 fs, negative chirp; 750 fs; and 1500 fs pulse durations (panels (a)-(d)) over a range of pulse energies (25- 2400 µJ, labeled in panel (a) ).
For all pulse durations, an intensity increase of the SPR peak is observed as the laser energy is decreased, corresponding to a diameter increase in the spherical AuNPs. 62 There is also SPR peak-broadening and a red-shift in SPR wavelength in the AuNPs formed with lower laser energies, suggesting not only that the AuNP sizes are increasing, but that the particles are agglomerating. 23 Figure 7 , panels (e)-(h)). While the particle size distributions in Figure 7 (e)-(h) all exhibit tails that spread out toward larger diameters, the particle size increased most significantly for 30 fs pulses (Figure 7(e) ). Histogram (e) shows a bimodal size distribution, with a sharp peak around 2 − 3 nm and a broad peak around 12 nm, suggesting that small AuNPs (with 2 − 3 nm diameters) start to agglomerate into masses around 12 nm in diameter. These observations are consistent with the broadening SPR peak in the UV-vis spectra in Figure   6 , and the red-shifted tail forming for the spectra associated with AuNPs produced at low pulse energy with all pulse durations. This observed increase in AuNP size with lower pulse energy is consistent with previous results using 36 ps laser pulses, where the AuNP size increased from 5.8 ± 1.1 nm using 1800 µJ pulses to 9.6 ± 2.7 nm using 400 µJ pulses when a capping agent was added to control particle size. 23 At the high pulse energy of 2400 µJ, the AuNP sizes are noticeably larger for 1500 fs pulses (Figure 7(d 
Discussion
The primary importance of water photolysis in OB microplasmas to the photochemical reduction of [AuCl 4 ]and other metal salts is well-established. [16] [17] [18] 21, 22, 25, 27 The photolysis reactions involved include 21, 49, 50, 63, 64 
Below, we will demonstrate that the formation of electrons in the OB microplasma is directly proportional with the observed value of the first-order rate constant k 1 in eq 13, while the formation rate of H 2 O 2 is correlated to the value of the k 2 rate constant.
Electron formation and rate constant k 1
The experimental k 1 values from Table 2 for pulses with durations of 30 fs (blue circles), 200 fs (green triangles), 750 fs (red squares), and 1500 fs (magenta diamonds) are plotted as functions of peak irradiance in Figure 8(a) . For pulse energies of 600 µJ and below (1200 µJ for 1500 fs pulses), the k 1 values were fit to linear functions in log-log space (solid lines, Figure 8(a) ) and the resulting slopes are listed in the legend. The slopes are all approximately 1.5, which is consistent with the slope of the calculated plasma volumes with peak intensity (Figure 3(d) ). To further explore the link between the plasma volume and k 1 value, the calculated plasma volumes were directly compared to the the k 1 values by plotting both quantities as functions of peak irradiance in log-log space (Figure 8(b) ). The plasma volumes (solid lines) are shifted by 0.4 units on the ordinate axis to most closely match the experimental k 1 values (colored symbols) and error ranges (transparent shaded regions). Importantly, the relative spacing of the plasma volumes for each pulse duration from Figure 3(d) was not changed in Figure 8(b) , which suggests that the same relation between plasma volume and k 1 value holds, regardless of pulse duration. To confirm this assertion, the experimental k 1 values were plotted as a function of the calculated plasma volume at the same pulse duration and peak irradiance (Figure 8(c) ), with the best fit equation for pulse energies below 600 µJ (black solid line) confirming the direct proportionality of the plasma volume and k 1 value.
At high pulse energies, the k 1 values are lower than would be expected based on the plasma volume, suggesting saturation of electron formation, likely due to intensity clamping that occurs at high peak irradiance. 13 formed after laser irradiation of pure water for 180 seconds was quantified using the two methods described in Section 2.3. The measured H 2 O 2 yields using the two methods were comparable (Supporting Information, Figure S4 ), and the titanium sulfate measurements are used here. The formation rate of H 2 O 2 was extracted from these measurements based on the previously observed linear increase in H 2 O 2 concentration with irradiation time upon femtosecond laser irradiation of pure water. 22 The k 2 values for pulses with duration 30 fs (blue circles), 200 fs (green triangles), 750 fs (red squares), and 1500 fs (magenta diamonds) are plotted as functions of peak irradiance in Figure 9 (a). For each pulse duration, the growth of k 2 with peak irradiance was fit to a linear function in log-log space (solid lines on Figure 9(a) ); the resulting slopes are indicated in the legend. The k 2 values exhibit a weaker dependence on peak irradiance I than the k 1 values, with the values growing as k 2 ∼ I 0.5 −I 0.6 , depending on pulse duration, as opposed to k 1 ∼ I 1.5 . The formation rate of H 2 O 2 exhibits a stronger dependence on the peak irradiance at all pulse durations, with [H 2 O 2 ] ∼ I (Figure 9(b) ). As a result, the k 2 values grow with (Figure 9(c) ). 
Conclusion
This work has quantified the roles played by free electrons and H 2 O 2 formation in driving the photochemical reduction of [AuCl 4 ]into AuNPs using intense, ultrafast laser pulses. The autocatalytic [AuCl 4 ]reduction kinetics were monitored using in situ UV-vis spectroscopy.
The growth of the optical breakdown plasma volume with peak irradiance as V ∼ I 1.5
matched the growth of the first-order rate constant, k 1 , with peak irradiance, thereby indicating that free electron formation from optical breakdown of water is directly proportional to the rate of nucleation of Au atoms under our experimental conditions. By quantifying the formation rate of H 2 O 2 as a function of pulse energy and duration, we found that the H 2 O 2 formation rate was directly proportional to the irradiance at each pulse duration, i.e., ] − to AuNPs. [16] [17] [18] [21] [22] [23] [24] [25] [26] [27] By characterizing the resulting sizes and size distributions of the AuNP products across irradiation conditions, we found a stronger relationship between the AuNP size and pulse energy than for pulse duration, where the primary small AuNPs (∼ 2 − 3 nm) were found to agglomerate into larger ∼ 10 − 20 nm particles. However, a doubling of the average AuNP size was observed when increasing the pulse duration from 750 fs to 1500 fs. The observed trends with both pulse energy and duration likely arise from the stronger dependence of the plasma volume (i.e., electron formation) on the peak irradiance as compared to the H 
